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Abstract—We propose cyclic prefix single carrier full-duplex1
transmission in amplify-and-forward cooperative spectrum shar-2
ing networks to achieve multipath diversity and full-duplex3
spectral efficiency. Integrating full-duplex transmission into4
cooperative spectrum sharing systems results in two intrinsic5
problems: 1) the residual loop interference occurs between the6
transmit and the receive antennas at the secondary relays and7
2) the primary users simultaneously suffer interference from the8
secondary source (SS) and the secondary relays (SRs). Thus,9
examining the effects of residual loop interference under peak10
interference power constraint at the primary users and maxi-11
mum transmit power constraints at the SS and the SRs is a12
particularly challenging problem in frequency selective fading13
channels. To do so, we derive and quantitatively compare the14
lower bounds on the outage probability and the corresponding15
asymptotic outage probability for max–min relay selection, par-16
tial relay selection, and maximum interference relay selection17
policies in frequency selective fading channels. To facilitate com-18
parison, we provide the corresponding analysis for half-duplex.19
Our results show two complementary regions, named as the20
signal-to-noise ratio (SNR) dominant region and the residual21
loop interference dominant region, where the multipath diver-22
sity and spatial diversity can be achievable only in the SNR23
dominant region, however the diversity gain collapses to zero in24
the residual loop interference dominant region.25
Index Terms—Cooperative transmission, cyclic prefix sin-26
gle carrier transmission, frequency selective fading, full-duplex27
transmission, residual loop interference, spectrum sharing.28
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I. INTRODUCTION 29
COGNITIVE radio (CR) has emerged as a revolutionary 30approach to ease the spectrum utilization inefficiency [2]. 31
In underlay CR networks, the secondary users (SUs) are per- 32
mitted to access the spectrum of the primary users (PUs), 33
only when the peak interference power constraint at the PUs 34
is satisfied [3]. One drawback of this approach is the con- 35
strained transmit power at the SU, which typically results in 36
unstable transmission and restricted coverage [4], [5]. To over- 37
come this challenge, cognitive relaying was proposed as a 38
solution for reliable communication and coverage extension 39
at the secondary network, and interference reduction at the 40
primary network [6]–[12]. In [6] and [7], the generalized selec- 41
tion combining is proposed for spectrum sharing cooperative 42
relay networks. In [8], the performance of cognitive relay- 43
ing with max-min relay selection was evaluated. In [12], the 44
partial relay selection was proposed in underlay CR networks. 45
Full-duplex transmission has been initiated as a 46
new technology for the future Wireless Local Area 47
Network (WLAN) [13], WiFi network [14], and the Full- 48
Duplex Radios for Local Access (DUPLO) projects, which 49
aims at developing new technology and system solutions for 50
future generations of mobile data networks [15], 3GPP Long- 51
Term Evolution (LTE), and Worldwide Interoperability for 52
Microwave Access (WiMAX) systems [16]. Recent advances 53
in radio frequency integrated circuit design and comple- 54
mentary metal oxide semiconductor processing have enabled 55
the suppression of residual loop interference. For example, 56
advanced time-domain interference cancellation [17], physical 57
isolation between antennas [18], and antenna directivity [19] 58
have been proposed in existing works. However, these tech- 59
niques can not enable perfect isolation [20], [21]. Thus, the 60
residual loop interference is still inevitable and significantly 61
deteriorates the performance. Recent research and develop- 62
ment on full-duplex relaying (FDR) without utilizing residual 63
loop interference mitigation has attracted increasing attention, 64
considering that FDR offers high spectral efficiency compared 65
to half-duplex relaying (HDR) by transmitting and receiving 66
signals simultaneously using the same channel [22]–[26]. 67
In [25], FDR was first applied in underlay cognitive relay 68
networks with single PU, the optimal power allocation is 69
studied to minimize the outage probability. 70
The main objective of this paper is to consider the 71
full-duplex spectrum sharing cooperative system with lim- 72
ited transmit power in the transmitter over frequency 73
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selective fading environment. We can convert the frequency74
selective fading channels into flat fading channels via75
Orthogonal Frequency-Division Multiplexing (OFDM) trans-76
mission. However, the peak-to-average power ratio (PAPR)77
is an intrinsic problem in the OFDM-based system. Also, in78
general, development of the channel equalizer is a big bur-79
den to the receiver of single carrier (SC) transmission [27]80
in the frequency selective fading channels. Thus, to jointly81
reduce PAPR and channel equalization burden in the practical82
system, we consider SC with the cyclic prefix (CP). Single83
carrier (SC) transmission [27] is currently under considera-84
tion for IEEE 802.11ad [28] and LTE [29], owing to the fact85
that SC can provide lower peak-to-average power ratio and86
power amplifier back-off [30], [31] compared to Orthogonal87
Frequency-Division Multiplexing (OFDM). In addition, by88
adding the cyclic prefix (CP) to the front of the trans-89
mission symbol block, the multipath diversity gain can be90
obtained [32].91
Different from the aforementioned works, we introduce92
FDR and amplify and forward (AF) relay selection in SC spec-93
trum sharing systems to obtain spatial diversity and spectral94
efficiency. The full-duplex relaying proposed in this paper is95
a promising approach to prevent capacity degradation due to96
additional use of time slots, even though additional design97
innovations are needed before it is used in operational net-98
works. We consider three relay selection policies, namely99
max-min relay selection (MM), partial relay selection (PS),100
and maximum interference relay selection (MI), each with101
a different channel state information (CSI) requirement. We102
consider a realistic scenario where transmissions from the sec-103
ondary source (SS) and the selected secondary relay (SR)104
are conducted simultaneously in the presence of multiple105
PU receivers. Unlike the cognitive half-duplex relay net-106
work (CogHRN), in the cognitive full-duplex relay network107
(CogFRN) the concurrent reception and transmission entails108
two intrinsic problems: 1) the peak interference power con-109
straint at the PUs are concurrently inflicted on the transmit110
power at the SS and the SRs; and 2) the residual loop interfer-111
ence due to signal leakage is introduced between the transmit112
and the receive antennas at each SR. Against this background,113
the preeminent objective of this paper is to characterize the114
feasibility of full-duplex relaying in the presence of residual115
loop interference by comparing with half-duplex systems. The116
impact of frequency selectivity in fading channels is another117
important dimension far from trivial. For purpose of compar-118
ison, we provide the corresponding analysis for cooperative119
CP-SC CogHRN.120
Our main contributions are summarized as follows.121
1) Taking into account the residual loop interference, we122
derive new expressions for the probability density func-123
tion (PDF) and the cumulative distribution function124
(CDF) of the signal-to-noise ratio (SNR) of the SS to the125
kth SR link under frequency selective fading channels.126
2) We then derive the expressions for the lower bound on127
the outage probability. We establish that outage prob-128
ability floors occur in the residual loop interference129
dominant region with high SNRs for all the policies in130
CogFDR. We show that irrespective of the SNR, the131
MM policy outperforms the PS and the MI policies. We 132
also show that the PS policy outperforms the MI policy. 133
3) To understand the impact of the system parameters, we 134
derive the asymptotic outage probability and character- 135
ize the diversity gain. For FDR, in the residual loop 136
interference dominant region, we see that the asymptotic 137
diversity gain is zero regardless of the spatial diversity 138
might be offered by the relay selection policy, and the 139
multipath diversity might be offered by the single car- 140
rier system. However, the full diversity gain of HDR is 141
achievable. 142
4) We verify our new expressions for lower bound on the 143
outage probabilities and their corresponding asymptotic 144
diversity gains via simulations. We showcase the impact 145
of the number of SRs and the number of PUs on the 146
outage probability. We conclude that the outage proba- 147
bility of CogFDR decreases with increasing number of 148
SRs, and increases with increasing the number of PUs. 149
Interestingly, we notice that the outage probability of 150
CogFDR decreases as the ratio of the maximum trans- 151
mit power constraint at the SR to the maximum transmit 152
power at the SS decreases. 153
5) We compare the outage performance between CogHDR 154
with the target data rate 2RT and CogFDR with the target 155
data rate RT , considering that the SS and the SRs trans- 156
mit using two different channels in CogHDR, while the 157
transmission in CogFDR only require one channel. We 158
conclude that CogFDR is a good solution for the systems 159
that operate at low to medium SNRs, while CogHDR is 160
more favorable to those operate in the high SNRs. 161
The rest of the paper is organized as follows. In Section II, 162
we present the system and the channel model for cooperative 163
CP-SC CogFRN and cooperative CP-SC CogHRN with AF 164
relaying. Distributions of the SNRs are derived in Section III. 165
The asymptotic description is given in Section IV. The out- 166
age probability and the corresponding asymptotic outage 167
probability of CogFRN and CogHRN with several relay selec- 168
tion policies are derived in Sections V and VI, respectively. 169
Simulation results are provided in Section VII. Conclusions 170
are drawn in Section VIII. 171
Notations: The superscript (·)H denotes complex conju- 172
gate transposition, E{·} denotes expectation, and CN (μ, σ 2) 173
denotes the complex Gaussian distribution with mean μ and 174
variance σ 2. The  ϕ(·) and Fϕ(·) denote the CDF of the 175
random variable (RV) ϕ for FDR and HDR, respectively. 176
Also, ϕ(·) and fϕ(·) denote the PDF of ϕ for FDR and 177
HDR, respectively. The binomial coefficient is denoted by 178
(
n
k
) = n!
(n−k)!k! . 179
II. SYSTEM AND CHANNEL MODEL 180
We consider a cooperative spectrum sharing network con- 181
sisting of L PU-receivers (PU1, . . . ,PUL), a single SS, a 182
single secondary destination (SD), and a cluster of K SRs 183
(SR1, . . . , SRK) as shown in Fig. 1, where the solid and the 184
dashed lines represent the secondary channel and the interfer- 185
ence channel, respectively. The CP-SC transmission is used in 186
this network. Among the K SRs, the best SR which fulfills 187
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Fig. 1. Cooperative CP-SC spectrum sharing with multiple PUs and
multiple SRs.
the relay selection criterion is selected to forward the trans-188
mission to the SD using the AF relaying protocol. Similar to189
the model used in [8], [33], and [34], we focus on the coexis-190
tence of long-range primary system such as IEEE 802.22, and191
short range CR networks, such as WLANs, D2D networks192
and sensor networks. In this case, the primary to secondary193
link is severely attenuated to neglect the interference from the194
PU transmitters to the SU receivers. We also assume there195
is no direct link between the SS and the SRs due to long196
distance and deep fades. In this network, we make the follow-197
ing assumptions for the channel models, which are practically198
valid in cooperative spectrum sharing networks.199
Assumption 1: For the secondary channel, the instanta-200
neous sets of channel impulse responses (CIRs) from the201
SS to the kth SR and from the kth SR to the SD com-202
posing of N1,k and N2,k multipath channels, are denoted203
as gs,kN1,k =
[
gs,k0 , . . . , g
s,k
N1,k−1
]T ∈ CN1,k×1 and gk,dN2,k =204 [
gk,d0 , . . . , g
k,d
N2,k−1
]T ∈ CN2,k×1, respectively.1 For the primary205
channel, we assume perfect CSI from the SS to the lth PU206
link and from the kth SR to the lth PU link, which can be207
obtained through direct feedback from the PU [35], indirect208
feedback from a third party, and periodic sensing of pilot209
signal from the PU [36]. The instantaneous sets of CIRs210
from the SS to the lth PU (PUl) and from the kth SR to211
the lth PUl composing of N3,l and N4,k,l multipath chan-212
nels, are denoted as fs,lN3,l =
[f s,l0 , . . . , f s,lN3,l−1
]T ∈ CN3,l×1213
and fk,lN4,k,l =
[f k,l0 , . . . , f k,lN4,k,l−1
]T ∈ CN4,k,l×1, respectively.214
All channels are composed of independent and identically215
distributed (i.i.d.) complex Gaussian RVs with zero means216
and unit variances. The maximum channel length Nmax
=217
max{N1,k, N2,k, N3,l, N4,k,l} is assumed to be shorter than the218
CP length, denoted by NCP, to restrain the interblock symbol219
interference (IBSI) and intersymbol interference (ISI) in single220
carrier transmission [31]. Accordingly, the path loss compo-221
nents from the SS to the kth SR, from the kth SR to the SD,222
from the SS to the PUl, and from the kth SR to the PUl are223
defined as α1,k, α2,k, α3,l, and α4,k,l, respectively.224
Assumption 2: For underlay spectrum sharing, the peak225
interference power constraint at the lth PU is denoted as Ith.226
1We note that in the practical wireless propagation, the taps of each
multipath channel may have different average gains (such as exponen-
tially decaying channel profile). To obtain more insights for cooperative
single-carrier systems, we consider the uniform power-delay channel profile.
Also due to hardware limitations, the transmit power at the SS 227
and the SRs are restricted by the maximum transmit power 228
constraints PT and PR, respectively. 229
A. CogFRN 230
In the full-duplex mode, each SR is equipped with a single 231
transmit and a single receive antenna, which enable full-duplex 232
transmission in the same frequency band at the expense of 233
introducing residual loop interference. The SS and the SR 234
transmit to the SD in the same time slot. As such, the PUs 235
suffer interference from the SS and the SRs concurrently. 236
Similar as [25], we simply assume that the maximum inter- 237
ference inflicted on the PUs by the SS or the SRs are set to 238
be a half of the total peak interference power constraint at the 239
PUs ( 12 Ith = Q), where Q is the peak interference constraint.2 240
Therefore, the transmit power at the SS and the kth SR are 241
given by 242
PFS = min
( Q
Y1
, PT
)
, (1) 243
PFR,k = min
( Q
Yk
, PR
)
, (2) 244
where 245
Y1
= max
l=1,...,L
{
α3,l
∥
∥
∥fs,lN3,l
∥
∥
∥
2
}
, (3) 246
and 247
Yk
= max
l=1,...,L
{
α4,k,l
∥
∥∥fk,lN4,k,l
∥
∥∥
2
}
. (4) 248
Note that although the peak interference power constraint 249
demands a higher feedback overhead than the average inter- 250
ference power constraint, it is an excellent fit to real-time 251
systems. Let xs ∈ CNs×1 denote the transmit block symbol 252
after applying digital modulation. We assume that E{xs} = 0 253
and E{xsxHs } = INs . After appending the CP with NCP symbols 254
at the beginning of xs, the augmented transmit block symbol 255
is transmitted over the frequency selective channels {gs,kN1,k}. 256
After the removal of the CP-related received signal part, the 257
received signal at the kth SR is given by 258
yr,k =
√
PFS α1,kG
s,k
N1,k xs +
√
PFR,kHkxr,k + ns,k, (5) 259
where Gs,kN1,k is the right circulant matrix determined 260
by the channel vector [(gs,kN1,k)
T
, 01×(Ns−N1,k)]T ∈ CNs×1. 261
The residual loop interference channel is denoted as 262
Hk
= Diag{hk,1, . . . , hk,Ns}, which is a diagonal channel matrix 263
between the transmit and receive antennas at the kth SR. Due 264
to the existence of many weak multipath components, the over- 265
all residual loop interference channel power gain is presumed 266
to follow exponential distribution based on the central limit 267
theorem. In (5), xr,k denotes the residual block symbol. Note 268
that {xr,k}Kk=1 have the same statistical properties as those of 269
xs. It is assumed that the thermal noise received at the kth 270
2Note that the peak interference power constraint is set by the primary
network and the SUs are responsible for monitoring the instantaneous channel
gains between the SUs and PUs to ensure that the SU transmissions do not
exceed this level.
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relay is modeled as a complex Gaussian random variable with271
zero mean and variance σ 2n , i.e., ns,k ∼ CN (0, σ 2n INs).272
In AF relaying, the SRs are unable to distinguish between273
the signal from the SS and the residual loop interference274
signals at the SRs. Thus, both signals are amplified and for-275
warded to the SD. The received signal at the SD via the kth276
SR is given by277
yr,d = √α2,kGk,dN2,k Gkyr,k + nr,d, (6)278
where Gk,dN2,k is the right circulant matrix formed by279
[(gk,dN2,k)
T
, 01×(Ns−N2,k)]T ∈ CNs×1, Gk
= gFk INs is the relay280
gain matrix for the kth SR, and nr,d ∼ CN (0, σ 2n INs).3 The281
relay gain gFk is given by282
gFk
=
√√
√
√
√
PFR,k
PFs α1,k
∥
∥
∥gs,kN1,k
∥
∥
∥
2 + PFR,k|hk|2 + σ 2n
, (7)283
where hk = {hk,n}Nsn=1.284
Inserting (5) and (7) into (6), the end-to-end SINR (e2e-285
SINR) at the SD is derived as286
γ kFe2e =
γ
s,k
F
γ
k,I
F +1
γ
k,d
F
γ
s,k
F
γ
k,I
F +1
+ γ k,dF + 1
≤ min
(
 kF, γ
k,d
F
)
, (8)287
where  kF
= γ
s,k
F
γ
k,I
F +1
. We define the SNR from the SS to the kth288
SR as γ s,kF
= γ Fs Xk, the SNR from the kth SR to the SD as289
γ
k,d
F
= γ Fk Wk, and the INR at the kth SR as γ k,IF
= γ Fk Rk. Note290
that Xk
= α1,k‖gs,kN1 ‖2, Wk
=α2,k‖gk,dN2,k‖2, Rk
= |hk|2, γ Fs = P
F
S
σ 2n
,291
and γ Fk
= P
F
R,k
σ 2n
.292
B. CogHRN293
In the half-duplex mode, the SS and the SRs transmit294
signals in different channels and time slots. The maximum295
interference imposed on the PUs by the SS or the SR is296
equal to the peak interference power constraint (Ith = 2Q) at297
the PUs. As such, the transmit power at the SS and the kth298
SR in CogHRN are given by299
PHS = min
(
2Q
Y1
, PT
)
, (9)300
PHR,k = min
(
2Q
Yk
, PR
)
, (10)301
respectively. With AF relaying, the received signals at the kth302
SR and at the SD via the kth SR are given by303
yr,k =
√
PHS α1,kG
s,k
N1,k xs + ns,k, (11)304
yr,d = √α2,kGk,dN2,k Gkyr,k + nr,d, (12)305
3The delay is not taken into account in our model, and thus our results give
the achievable minimum outage probability. Note that the delay can be miti-
gated in practical scenario by using the self interference cancellation technique
proposed in [37].
respectively, where Gk
= gHk INs is the relay gain matrix for 306
the kth SR, and gHk =
√
PHR,k
PHS α1,k‖gs,kN1,k ‖
2+σ 2n
. Therefore, the 307
corresponding e2e-SINR of CogHRN at the SD is given by 308
γ kHe2e =
γ
s,k
H γ
k,d
H
γ
s,k
H + γ k,dH + 1
≤ min
(
γ
s,k
H , γ
k,d
H
)
, (13) 309
where the SNR from the SS to the kth SR is denoted as 310
γ
s,k
H
= Xkγ Hs with γ Hs = P
H
S
σ 2n
and the SNR from the kth SR to 311
the SD is denoted as γ k,dH
= Wkγ Hk with γ Hk
= P
H
R,k
σ 2n
. 312
III. DISTRIBUTIONS OF SNR AND SINR 313
In this section, we first derive the CDFs and PDFs of the 314
Y1 and Yk based on the Definition 1 and Definition 2 in the 315
following. We then utilize these CDFs and PDFs to facilitate 316
the derivations of CDFs of γ s,kF , γ
s,k
H , and γ
k,d
H . 317
Definition 1: The PDF and the CDF of a RV X distributed 318
as a gamma distribution with shape N and scale α are given, 319
respectively, as 320
fX(x) = 1
(N)αN
xN−1e−x/αU(x), 321
and FX(x) =
(
1 − e−x/α
N−1∑
l=0
1
l!
(x/α)l
)
U(x), (14) 322
where U(·) denotes the discrete unit step function. In the 323
sequel, a RV X distributed according to a gamma distribu- 324
tion with shape N and scale α is denoted by X ∼ Ga(N, α). 325
Here, shape N is positive integer. 326
Definition 2: Let Xi ∼ Ga(Ni, 1), then the CDF and the 327
PDF of a RV Xmax
= max{a1X1, a2X2, . . . , aLXL} are given, 328
respectively, as 329
FXmax(x) = 1 +
∑˜
L,jt,{Ni},{ai}
[
xj˜e−bxU(x)
]
, (15) 330
and fXmax(x) =
∑˜
L,jt,{Ni},{ai}
e−bx
[
j˜xj˜−1U(x) − bxj˜U(x)
]
, 331
(16) 332
where 333
∑˜
L,jt,{Ni},{ai}
[·] =
L∑
l=1
(−1)l
l!
L∑
n1=1
· · ·
L∑
nl=1︸ ︷︷ ︸
|n1∪n2∪···∪nl|=l
Nn1−1∑
j1=0
· · ·
Nnl−1∑
jl=0
334
×
l∏
t=1
(
1
jt!
(
ant
)jt
)
[·], (17) 335
j˜=
l∑
t=1
jt, b=
l∑
t=1
1
ant
, with |n1 ∪ n2 ∪ . . . ∪ nl| denoting the 336
dimension of the union of l indices {n1, . . . , nl}. 337
Note that the magnitudes of the four channel vectors 338
‖gs,kN1,k‖2, ‖gk,dN2,k‖2, ‖fs,lN3,l‖2, and ‖fk,lN4,k,l‖2 are distributed as 339
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gamma distributions with shapes N1,k, N2,k, N3,l, and N4,k,l,340
respectively, and scale 1. Also, |hk|2 is distributed as a341
gamma distribution with shape 1 and scale 1. We have342
also defined the two RVs Xk
= α1,k‖gs,kN1 ‖2 ∼ Ga(N1,k, α1,k)343
and Y1
= max
l=1,··· ,L{α3,l‖f
s,l
N3‖2}. For notational purposes, in the344
sequel, we have defined the normalized powers γ¯Q
= Qγ¯,345
γ¯T
= PT γ¯, and γ¯R = PRγ¯, with γ¯ = 1σ 2n . According to the346
distribution of ‖fs,lN3‖2, the CDF and the PDF of Y1 are given by347
FY1(x) = 1 +
∑˜
L,jt,{N3,l},{α3,l}
[
xj˜e−β˜1xU(x)
]
, (18)348
and fY1(x) =
∑˜
L,jt,{N3,l},{α3,l}
e−β˜1x
[
j˜xj˜−1U(x) − β˜1xj˜U(x)
]
,349
(19)350
where j˜ = ∑lt=1 jt and β˜1 =
l∑
t=1
1
α3,nt
.351
A. CogFRN352
From the definition of the SNR from the SS to the kth353
SR γ s,kF
= min(Q/Y1, PT)Xkγ¯ , we have the following CDF354
of γ s,kF as355
 
γ
s,k
F
(γ )356
= 1 − e−
γ
α1,k γ¯T
N1,k−1∑
i=0
1
i!
(
γ
α1,kγ¯T
)i
−
(
γ /γ¯Q
)N1,k
(
α1,k
)N1,k
(
N1,k
)357
×
∑˜
L,jt,{N3,l},{α3,l}
⎡
⎢
⎢
⎣

(
N1,k + j˜, μTγα1,k γ˜Q + μT β˜1
)
(
γ
α1,k γ¯Q + β˜1
)N1,k+j˜
⎤
⎥
⎥
⎦, (20)358
where μT
= QPT and (·, ·) denotes the incomplete gamma359
function.360
Proof: See Appendix A.361
B. CogHRN362
In cooperative CP-SC CogHRN, we have363
γ
s,k
H
= min(2Q/Y1, PT )Xkγ¯ . We derive the CDF of γ s,kH as364
F
γ
s,k
H
(γ )365
= 1 − e−
γ
α1,k γ¯T
N1,k−1∑
i=0
1
i!
(
γ
α1,kγ¯T
)i
−
(
γ /2γ¯Q
)N1,k
(
α1,k
)N1,k
(
N1,k
)366
×
∑˜
L,jt,{N3,l},{α3,l}
⎡
⎢
⎢
⎣

(
N1,k + j˜, μTγα1,k γ˜Q + 2μT β˜1
)
(
γ
2α1,k γ¯Q + β˜1
)N1,k+j˜
⎤
⎥
⎥
⎦. (21)367
Next, γ k,dH is written as γ
k,d
H
= min(2Q/Y1, PR)Wkγ¯ . We 368
derive the CDF of γ k,dH as 369
F
γ
k,d
H
(γ ) 370
= 1 − e−
γ
α2,k γ¯R
N2,k−1∑
i=0
1
i!
(
γ
α2,kγ¯R
)i
−
(
γ /2γ¯Q
)N2,k
(
α2,k
)N2,k
(
N2,k
) 371
×
∑˜
L,dt,{N4,k,l},{α4,k,l}
⎡
⎢
⎢
⎣

(
N2,k + d˜, μRγα2,k γ¯Q + 2μRβ˜2
)
(
γ
(2α2,k γ¯Q)
+ β˜2
)N2,k+d˜
⎤
⎥
⎥
⎦. (22) 372
IV. ASYMPTOTIC DESCRIPTION 373
In this section, we assume N1 = N1,k, N2 = N2,k, N3 = 374
N3,k, N4 = N4,k,l and α1 = α1,k, α2 = α2,k, α3 = α3,k, α4 = 375
α4,k,l. To examine the effect of power scaling on the outage 376
probability, we have also defined ρ = PRPT . When γ¯T → ∞, we 377
can easily observe γ¯R → ∞ and γ¯Q → ∞. This will benefit 378
the secondary network without violating the transmission of 379
the primary network [8]. 380
A. CogFRN 381
To derive the asymptotic results, (8) is simplified to one 382
term for high SNRs. Since the second order term is domi- 383
nating compared with the linear terms (i.e., E[γ k,dF ]E[γ k,IF ]  384
E[γ k,dF ] + E[γ s,kF ] + E[γ k,IF ]), at high SNRs, we can obtain an 385
approximate e2e-SINR expression as 386
γ kFe2ep ≈
γ
s,k
F γ
k,d
F
γ
k,d
F γ
k,I
F
= γ
s,k
p
γ
k,I
p
. (23) 387
We see that the high e2e-SINR is only determined by the 388
first hop and residual loop interference, and is independent of 389
the second hop. By eliminating γ¯T in (23), we derive the new 390
expressions γ s,kp = min(μTY1 , 1)Xk, and γ k,Ip = min(
μT
Yk , ρ)Rk. 391
To derive the closed-form expression for γ kFe2ep, we first derive 392
the closed-form expressions for γ s,kp and γ k,Ip . 393
1) Asymptotic SNR From the SS to the kth SR: From the 394
definition of γ s,kp = min(μTY1 , 1)Xk, we have the following 395
asymptotic CDF of γ s,kp as 396
 
∞
γ
s,k
p
(γ ) = 1 − e−
γ
α1
N1−1∑
i=0
1
i!
(
γ
α1
)i
−
(
γ
/
μT
)N1
(α1)
N1(N1)
397
×
∑˜
L,jt,{N3},{α3}
⎡
⎢
⎢
⎣

(
N1 + j˜,
(
γ
α1μT
+ β˜1
)
μT
)
(
γ
α1μT
+ β˜1
)N1+j˜
⎤
⎥
⎥
⎦. 398
(24) 399
2) Asymptotic INR at the kth SR: From the defini- 400
tion of γ k,Ip = min(μTYk , ρ)Rk, we have the following 401
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asymptotic CDF of γ k,Ip as402
 
∞
γ
k,I
p
(γ ) = 1 − e− γρ403
− γ
μT
∑˜
L,dt,{N4},{α4}

(
d˜ + 1, ( γ
μT
+ β˜2
)
μT
ρ
)
(
γ
/
μT + β˜2
)d˜+1 .404
(25)405
The derivation of (24) and (25) are similar to those provided406
in Appendix A.407
B. CogHRN408
Different from the approach used in deriving the asymp-409
totic e2e-SINR of CogFRN, in CogHRN, we use the first410
order expansion for the CDFs of γ s,kH and γ
k,d
H to derive the411
asymptotic e2e-SNR of CogHRN.412
1) Asymptotic SNR From the SS to the kth SR: When413
γ¯T → ∞ and γ¯Q → ∞, an asymptotic expression of414
FXk(γ /γ¯T) is derived by applying [38, eq. (1.211.1)] and415
[38, eq. (3.354.1)]416
F∞Xk (γ /γ¯T) ≈
1
(N1 + 1)
(
γ
α1γ¯T
)N1
. (26)417
The asymptotic CDF of γ s,kH is derived as418
F∞
γ
s,k
H
(γ )419
= 1
(N1 + 1)
(
γ
α1γ¯T
)N1
⎡
⎣1 − e−
2μT
α3
N3−1∑
j=0
1
j!
(
2μT
α3
)j
⎤
⎦
L
420
+ 1
(N1 + 1)
(
γ
2α1γ¯Q
)N1(
β˜1
)−(N1+j˜
) ∑˜
L,jt,{N3,l},{α3,l}
421
× [j˜(N1 + j˜, 2μTβ1
) − (N1 + j˜ + 1, 2μTβ1
)]
. (27)422
2) Asymptotic SNR From the kth SR to the SD: When423
γ¯R → ∞ and γ¯Q → ∞, the asymptotic CDF of γ k,dH is derived424
as425
F∞
γ
k,d
H
(γ )426
= 1
(N2 + 1)
(
γ
α2γ¯R
)N2
⎡
⎣1 − e−
2μR
α4
N4−1∑
j=0
1
j!
(
2μR
α4
)j
⎤
⎦
L
427
+ 1
(N2 + 1)
(
γ
2α2γ¯Q
)N2(
β˜2
)−
(
N2+d˜
)
∑˜
L,dt,{N4},{α4}
428
×
[
d˜
(
N2 + d˜, 2μRβ2
)
− 
(
N2 + d˜ + 1, 2μRβ2
)]
.429
(28)430
Having (27) and (28) for the CDFs of γ s,kH and γ k,dH in431
closed-form, respectively, we derive the lower bound on the432
outage probability of CogHRN in Section VI.433
V. OUTAGE PROBABILITY OF COGFRN434
In this section, we derive the expression for the lower bound435
on the outage probabilities of CogFRN with various relay436
selection policies based on the max-min criterion, partial relay 437
selection criterion, and maximum interference criterion. We 438
then derive the corresponding asymptotic outage probabilities 439
to observe the diversity gains of the three selection policies. 440
A. CogFRN With MM 441
Compared with the conventional MM policy in CogHRN, 442
the MM policy in CogFRN takes into account the loop inter- 443
ference. Let kMM be the selected relay based on the max-min 444
criterion. The employed relay selection is mathematically 445
given by 446
kMM = argk=1,...,K max
(
min
(
γ
s,k
F
γ
k,I
F + 1
, γ
k,d
F
))
. (29) 447
1) Outage Probability: The lower bound on the outage 448
probability of CogHRN at a given threshold ηF is given by 449

out
MM(ηF) =
K∏
k=1
∫ ∞
0
(
1 −
(
1 − F kF (ηF)
)(
1 − F
γ
k,d
F
(ηF)
))
450
fYk (y)dy. (30) 451
Theorem 1: The lower bound on the outage probability of 452
CogFRN with MM policy is derived as 453

out
MM(ηF) 454
=
∫ ∞
μR
⎧
⎨
⎩
1 −
⎡
⎣ y
γ¯Q
N1,k−1∑
i=0
i∑
t=0
1(i, t)(t + 1) 455
×
(
ηF
α1,kγ¯T
+ y
γ¯Q
)−t−1
+ y
γ¯Q
∑˜
L,jt,{N3},{α3}
N1,k+j˜−1∑
m=0
456
×
m∑
n=0
n+N1,k∑
h=0
2(m, n, h)3
(
h,
ηF
α1,kγ¯P
+ y
γ¯Q
)
⎤
⎦ 457
×

(
N2,k, yηFα2,k γ¯Q
)

(
N2,k
)
⎫
⎬
⎭
458
∑˜
L,dt,{N4},{α4}
e−β˜2y
[
d˜yd˜−1 − β˜2yd˜
]
dy 459
+
⎧
⎨
⎩
1 −
⎡
⎣ 1
γ¯R
N1,k−1∑
i=0
i∑
t=0
1(i, t)
(
ηF
α1,kγ¯T
+ 1
γ¯R
)−t−1
460
× (t + 1) + 1
γ¯R
∑˜
L,jt,{N3},{α3}
N1,k+j˜−1∑
m=0
m∑
n=0
461
×
n+N1,k∑
h=0
2(m, n, h)3
(
h,
(
ηF
α1,kγ¯T
+ 1
γ¯R
))
⎤
⎦ 462
×

(
N2,k, ηFα2,k γ¯R
)

(
N2,k
)
⎫
⎬
⎭
∑˜
L,dt,{N4},{α4}
e−β˜2μRμRd˜, (31) 463
where 464
1(i, t) = 1i!
(
ηF
α1,kγ¯T
)i(i
t
)
e
− ηFα1,k γ¯T , (32) 465
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2(m, n, h) =
(
ηF
/
γ¯Q
)N1,k
(
α1,k
)N1,k
(
N1,k
)
(
N1,k + j˜ − 1
)
!
e
(
ηF
α1,k γ¯Q +β˜1
)
μT
1
m!
μT
m
466
×
(
m
n
)
β˜m−n1
(
n + N1,k
h
)(
ηF
α1,kγ¯Q
)n
, (33)467
3(h, ξ ) =
(
ηF
α1,k γ¯Q + β˜1
)h+1−N1,k−j˜
(h + 1)
(
ηF
α1,k γ¯Q
)h+1468
× 
(
h + 1, h + 2 − N1,k469
− j˜; ξ
(
ηF
α1,kγ¯Q
+ β˜1
)
α1,kγ¯Q
ηF
)
. (34)470
Proof: See Appendix B.471
Note that our derived outage probability with the MM policy472
is valid for different types of SRs and PUs having arbitrary473
channel lengths and path loss components.474
2) Asymptotic Outage Probability: Based on (23), the475
asymptotic outage probability can be written as476

∞,out
MM (ηF) =
(
 
∞
γ kFe2ep
(ηF)
)K
. (35)477
Having (24) and (25), we derive the asymptotic CDF of478
γ kFe2ep as479
 
∞
γ kFe2ep
(γ ) =
∫ ∞
0
 
γ
s,k
p
(γ x)
γ
k,I
p
(x)dx480
= 1 − e−
γ x
α1
N1−1∑
i=0
1
i!
(
γ x
α1
)i
γ k,I (x)dx −
∫ ∞
0
(
γ x
/
μT
)N1
(α1)
N1(N1)
481
×
∑˜
L,jt,{N3},{α3}
⎡
⎣(N1 + j˜, (γ x
/
α1μT + β˜1)μT)
(γ x
/
α1μT + β˜1)N1+j˜
⎤
⎦482
× γ k,I (x)dx = 1 − R1 − R2, (36)483
where the two terms R1 and R2 are derived in Appendix C.484
Substituting the derived closed-form expression of  ∞
γ kFe2ep
(γ )485
in (36) at a given ηF into (35), we obtain the asymptotic outage486
probability with MM policy. Since ∞,outMM (ηF) is independent487
of γ¯T , γ¯R, and γ¯Q (as shown in (24) and (25) which are inde-488
pendent of γ¯Q, γ¯T and γ¯R), the diversity gain collapse to zero489
regardless of the spatial diversity and multipath diversity in490
the high SNR regime.491
B. CogFRN With PS492
In this policy, partial CSI is required, the SR which has the493
maximum SNR from the SS to the kth SR is selected. Thus,494
the index of the selected relay is denoted as495
kPS = argk=1,...,K max
(
γ
s,k
F
)
. (37)496
To see the diversity gain of the outage probability, in the497
rest of this section we have assumed that N1 = N1,k, N2 =498
N2,k, N3 = N3,k, N4 = N4,k,l and α1 = α1,k, α2 = α2,k, α3 =499
α3,k, α4 = α4,k,l. As such, we have the same distribution for500
each SR to the SD link, that is,  
γ
kPS,d
F
(ηF) =  γ k,dF (ηF) at a501
given ηF .502
1) Outage Probability: The lower bound on the outage 503
probability is evaluated as 504
PS(ηF) =
∫ ∞
0
(
1 −
(
1 − F

kPS
F
(ηF)
)(
1 − F
γ
k,d
F
(ηF)
))
505
fYk (y)dy, (38) 506
where  kPSF =
max
k=1,··· ,K
{
γ
s,k
F
}
γ
k,I
F +1
. 507
Theorem 2: The lower bound on the outage probability of 508
CogFRN with PS policy is derived as 509

out
PS (ηF) 510
=
∫ ∞
μR
⎧
⎨
⎩
1 −
⎧
⎨
⎩
1 −
∫ ∞
0
y
γ¯Q
e
− yx
γ¯Q
⎡
⎣1 − e−
ηFx
α1,k γ¯T 511
N1,k−1∑
i=0
i∑
t=0
1(i, t)xt 512
−
∑˜
L,jt,{N3},{α3}
N1,k+j˜−1∑
m=0
m∑
n=0
n+N1,k∑
h=0
513
2(m, n, h)xhe
− ηFα1,k γ¯T x 514
(
ηF(x + 1)
α1,kγ¯Q
+ β˜1
)−(N1,k+j˜
)]K
dx
⎫
⎬
⎭
515

(
N2,k, yηFα2,k γ¯Q
)

(
N2,k
)
⎫
⎬
⎭
516
×
∑˜
L,dt,{N4},{α4}
e−β˜2y
[
d˜yd˜−1 − β˜2yd˜
]
dy 517
+
⎧
⎨
⎩
1 −
⎧
⎨
⎩
1 −
⎡
⎣
∫ ∞
0
1
γ¯R
e
− xγ¯R
⎡
⎣1 −
N1,k−1∑
i=0
i∑
t=0
xt 518
×
∑˜
L,jt,{N3},{α3}
N1,k+j˜−1∑
m=0
m∑
n=0
n+N1,k∑
h=0
519
2(m, n, h)xhe
− ηFx
α1,k γ¯P 520
(
ηF(x + 1)
α1,kγ¯Q
+ β˜1
)−(N1,k+j˜
)]K
dx
⎤
⎦
⎫
⎬
⎭
521

(
N2,k, ηFα2,k γ¯R
)

(
N2,k
)
⎫
⎬
⎭
∑˜
L,dt,{N4},{α4}
e−β˜2μRμRd˜, (39) 522
where 1(i, t), 2(m, n, h), and 3(h, ξ) are given in (32), 523
(33), and (34), respectively. 524
Proof: See Appendix D. 525
2) Asymptotic Outage Probability: The asymptotic outage 526
probability with PS policy is given as 527

∞,out
PS (ηF) =
∫ ∞
0
(
 
γ
s,k
p
(γ x)
)K

γ
k,I
p
(x)dx. (40) 528
Having (24) and (25), we derive the asymptotic outage 529
probability. The asymptotic diversity gain with PS policy is 530
zero. 531
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
out
MI(ηF) =
∫ ∞
μR
⎧
⎨
⎩
1 −
⎧
⎨
⎩
y
γ¯Q
N1,k−1∑
i=0
i∑
t=0
1(i, t)
(
ηF
α1,kγ¯T
+ y
γ¯Q
)−t−1
(t + 1) + y
γ¯Q
∑˜
L,jt,{N3},{α3}
N1,k+j˜−1∑
m=0
m∑
n=0
n+N1,k∑
h=0
2(m, n, h)3
(
h,
(
ηF
α1,kγ¯T
+ y
γ¯Q
))
⎫
⎬
⎭

(
N2,k, yηFα2,k γ¯Q
)

(
N2,k
)
⎫
⎬
⎭
K
⎛
⎝1 +
∑˜
L,jt,{N3},{α3}
yd˜e−β˜2y
⎞
⎠
K−1
∑˜
L,dt,{N4},{α4}
e−β˜2y
[
d˜yd˜−1 − β˜2yd˜
]
dy
+
⎧
⎨
⎩
1 −
⎧
⎨
⎩
1
γ¯R
N1,k−1∑
i=0
i∑
t=0
1(i, t)
(
ηF
α1,kγ¯T
+ y
γ¯R
)−t−1
(t + 1)
+ 1
γ¯R
∑˜
L,jt,{N3},{α3}
N1,k+j˜−1∑
m=0
m∑
n=0
n+N1,k∑
h=0
2(m, n, h)3
(
h,
(
ηF
α1,kγ¯T
+ 1
γ¯R
))
⎫
⎬
⎭
e
− ηFα2,k γ¯R
N2,k−1∑
i=0
1
i!
(
ηF
α2,kγ¯R
)i
⎫
⎬
⎭
∫ μR
0
K
(
1 +
∑
yd˜e−β˜2y
)K−1 ∑˜
L,dt,{N4},{α4}
e−β˜2y
[
d˜yd˜−1 − β˜2yd˜
]
dy (42)
C. CogFRN With MI532
In the MI policy, the SR resulting in the maximum interfer-533
ence on the PU is selected in order to achieve the minimum534
loop interference, thus the index of the selected relay is535
given as536
kMI = argk=1,...,K max(Yk). (41)537
1) Outage Probability:538
Theorem 3: The lower bound on the outage probability of539
CogFRN with MI policy is derived as (42) at the top of the540
page.541
In (42), 1(i, t), 2(m, n, h), and 3(h, ξ) are given542
in (32), (33), and (34), respectively.543
Proof: See Appendix E.544
2) Asymptotic Outage Probability: In the high SNR regime,545
the e2e-SINR expression of CogFRN with the MI policy546
becomes547
γ
kMI
Fe2ep ≈
γ s,kp
γ
kMI,I
p
, (43)548
where γ s,kp = min(μTY1 , 1)Xk, γ kMI ,Ip = min
(
μT
max
k=1,··· ,K
{Yk} , ρ
)
Rk.549
With the derived CDF of γ s,kp in (24) and the PDF of γ kMI ,Ip550
as551
f
γ
kMI ,I
p
(x) = x
μT 2
∞∫
μT
ρ
y
(
1 +
∑
yd˜e−β˜2y
)K
e
− yx
μT dy552
− 1
μT
∞∫
μT
ρ
(
1 +
∑
yd˜e−β˜2y
)K
e
− yxμT dy, (44)553
and we substitute them into 554

∞,out
MI (ηF) =
∫ ∞
0
 
γ
s,k
p
(ηFx)γ kMI ,Ip
(x)dx, (45) 555
we derive the asymptotic outage probability with MI policy. 556
In CogFRN, the diversity gain of the MI policy is identical to 557
those of the MM and PS policies. 558
VI. OUTAGE PROBABILITY OF COGHRN 559
In this section, we present the lower bound on the exact 560
and asymptotic outage probabilities of CogHRN with the MM 561
policy and the PS policy. 562
A. CogHRN With MM 563
In this policy, a relay with the maximum e2e-SNR is 564
selected based on the CSI from the SS to the kth SR link 565
and from the kth SR to the SD link . Thus, the index of the 566
selected relay is denoted as 567
kMM = argk=1,...,K max
(
min
(
γ
s,k
H , γ
k,d
H
))
. (46) 568
Based on (46), the lower bound on the outage probability at 569
a given ηH is written as 570
PMM(ηH) =
K∏
k=1
(
1 −
(
1 − F
γ
s,k
H
(ηH)
)(
1 − F
γ
k,d
H
(ηH)
))
. 571
(47) 572
Substituting (21) and (22) into (47), we can easily derive 573
the lower bound on the outage probability of CogHRN with 574
the MM policy, which is applicable to different types of 575
SRs and PUs having arbitrary channel lengths and pass loss 576
components. 577
Lemma 1: For the proportional interference case, the 578
asymptotic diversity gain of CogHRN with the MM policy 579
is K min(N1, N2). 580
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Proof: As γ¯Q → ∞, it can be seen that581
P∞,outMM (ηH) ≈
(
F∞
γ
s,k
H
(ηH) + F∞
γ
k,d
H
(ηH)
)K
582
≈
⎧
⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
dK3
(
ηH
γ¯Q
)KN1
, if N1 < N2,
dK6
(
ηH
γ¯Q
)KN2
, if N2 < N1,
(d3 + d6)K
(
ηH
γ¯Q
)KN
, if N = N1 = N2.
(48)583
In (48), d3 = d1 μ
N1
T
α
N1
1
+d2 1
α
N1
1
and d6
= d4 μ
N2
R
α
N2
2
+d5 1
α
N2
2
, where584
d1
= 1
(N1 + 1)
⎡
⎣1 − e−
2μT
α3
N3−1∑
j=0
1
j!
(
2μT
α3
)j
⎤
⎦
L
,585
d2
= 1
(N1 + 1)β˜N1+j˜1 2N1
586
∑˜
L,jt,{N3},{α3}
[j˜(N1 + j˜, 2μTβ1
) − (N1 + j˜ + 1, 2μTβ1
)]
,587
d4
= 1
(N2 + 1)
⎡
⎣1 − e−
2μR
α4
N4−1∑
j=0
1
j!
(
2μR
α4
)j
⎤
⎦
L
,588
d5
= 1
(N2 + 1)β˜N2+d˜2 2N2
589
∑˜
L,dt,{N4},{α4}
[
d˜(N2 + d˜, 2μRβ2) − 
(
N2 + d˜ + 1, 2μRβ2
)]
.590
(49)591
Therefore, this policy provides K min(N1, K2) diversity592
gain.593
B. CogHRN With PS594
In this policy, the relay with the maximum SNR from the595
SS to the kth SR is selected. The corresponding relay index596
is given by597
kPS = argk=1,...,K max
(
γ
s,k
H
)
. (50)598
Here, we have assumed N1 = N1,k, N2 = N2,k, N3 =599
N3,k, N4 = N4,k,l and α1 = α1,k, α2 = α2,k, α3 = α3,k, α4 =600
α4,k,l. The lower bound on the outage probability is evalu-601
ated as602
PPS(ηH) = 1 −
(
1 − F
γ
s,k
H
(ηH)
K
)(
1 − F
γ
kPS,d
H
(ηH)
)
. (51)603
Substituting (21) and (22) into (51), we can easily derive the604
lower bound on the outage probability of CogHRN with the605
PS policy.606
TABLE I
REQUIRED CSI FOR THE RELAY SELECTION IN
COGFDR AND COGHDR
Lemma 2: The diversity gain with the PS policy is 607
min(KN1, N2) as γ¯Q → ∞. 608
Proof: Based on (27) and (28), we can easily see that 609
P∞PS(ηH) ≈ F∞γ s,kH (ηH)
K + F∞
γ
kPS,d
H
(ηH) 610
≈
⎧
⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
dK3
(
ηH
γ¯Q
)KN1
, if KN1 < N2,
d6
(
ηH
γ¯Q
)N2
, if N2 < KN1,
(
dN3 + d6
)(ηH
γ¯Q
)N
, if N = KN1 = N2.
(52) 611
Thus, the diversity gain is min(KN1, N2). 612
We can readily see that the number of PUs has no effect 613
on the diversity gain with the MM and the PS policies. 614
Table I highlights the required CSI for the three relay 615
selection strategies of CogFDR and CogHDR. 616
VII. SIMULATION RESULTS 617
In this section, we present numerical results to verify our 618
new analytical results for three different relay selection poli- 619
cies in cooperative CP-SC spectrum sharing systems with the 620
link level simulation. We assume the symbol block size as 621
Ns = 512 and CP length as NCP = 16. For the purpose of com- 622
parison, we set the target data rate as RT = 1 bit/s/Hz, thus the 623
fixed SNR threshold for CogFRN is denoted as ηF = 2RT −1. 624
However, in CogHRN, two different channels are needed for 625
CP-SC transmission. We assume that both the SS and the SRs 626
use half of the resource, therefore a fixed SNR threshold for 627
CogHRN is denoted as ηH = 22RT − 1. In order to examine 628
the effects of power scaling on the outage probability, in the 629
simulations we set γ¯R = ργ¯T , γ¯Q = μT γ¯T , and γ¯Q = μTρ γ¯T . 630
The figures highlight the accuracy of our derived closed-form 631
expressions for the relay selection policies. In all the figures, 632
we assume {N3, α3} = {2, 0.5} and {N4, α4} = {3, 0.3}. 633
Fig. 2 shows the outage probability of CogFRN for various 634
numbers of relays and different relay selection policies. The 635
exact plots with MM, PS, and MI relay selection policies are 636
numerically evaluated using (31), (39), and (42). The asymp- 637
totic outage probabilities are plotted from (35), (40), and (45). 638
First, we observe error floors in the high SNR with zero out- 639
age diversiy gain, which is due to the dominant effects of the 640
residual loop interference. Second, for the same number of 641
relays, for example K = 6, relay selection policy MM outper- 642
forms PS, and PS outperforms MI over all SNR values. The 643
outage probabilities with MM policy and PS policy improve 644
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Fig. 2. Outage probability for various number of relays: L = 2, ρ = 0.2,
γ¯Q = 2γ¯T , {N1, α1} = {2, 0.1}, and {N2, α2} = {3, 0.1}.
Fig. 3. Outage probability for various number of PUs: K = 6, ρ = 0.2,
γ¯Q = 2γ¯T , {N1, α1} = {2, 0.1}, and {N2, α2} = {3, 0.1}.
with increasing the number of SRs, while the outage probabil-645
ity with MI policy is not significantly improved by deploying646
more SRs. Interestingly, the performance gaps between each647
selection policy increase as the number of SRs increases.648
In Fig. 3, we examine the outage probability of CogFRN for649
various numbers of PUs and different relay selection policies.650
It is easy to note that increasing the number of PUs deterio-651
rates the outage performance of CogFRN since the secondary652
network has less chance to share the spectrum of the primary653
network when the number of PUs is large.654
In Fig. 4, we compare the outage probability of CogFRN655
and CogHRN at the same target data rate under differ-656
ent relay selection policies. Interestingly, we notice that: 1)657
Compared with CogHRN, CogFRN sacrifice the outage prob-658
ability to achieve the potential higher spectral efficiency; and659
2) CogHRN overcomes the outage floors of CogFRN in the660
high SNRs. This is due to the fact that the dominating effect661
of residual loop interference is removed in CogHRN.662
Fig. 4. Outage probability of CogFRN and CogHRN: L = 2, K = 6, ρ = 0.2,
γ¯Q = 2γ¯T , {N1, α1} = {2, 0.1}, and {N2, α2} = {3, 0.1}.
Fig. 5. Outage probability of CogFRN for various μT in CogFRN: L = 2,
K = 6, ρ = 0.2, {N1, α1} = {2, 0.1}, and {N2, α2} = {3, 0.1}.
In Fig. 5, we examine the impact of the ratio between the 663
peak interference power constraint at the PU and the max- 664
imum transmit power constraint at the SS (Q/PT ) on the 665
outage performance of CogFRN with the MM relay selec- 666
tion policy. We see that the outage probability for the same 667
relay selection policy improves with a more relaxed peak inter- 668
ference power constraint at the PU. The higher ratio between 669
the peak interference power constraint at the PU and the max- 670
imum transmit power constraint at the SS, the lower error 671
floors and the bigger gaps among these three policies can be 672
achieved. It is readily observed that the diversity gain is zero 673
regardless of μT in the high SNR regime. 674
Fig. 6 shows the outage probability with FDR and HDR as 675
a function of ρ, which is the ratio between γ¯R and γ¯T . For 676
the same relay transmission mode and the same relay selec- 677
tion policy, the parallel slopes illustrate that the diversity gain 678
is unrelated to ρ. Interestingly, we observe that as ρ increases, 679
a better outage performance is achieved in CogHRN, while a 680
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Fig. 6. Outage probability with FDR and HDR for various ρ with L = 2,
K = 32, γ¯Q = γ¯T , {N1, α1} = {2, 0.1}, and {N2, α2} = {3, 0.1}.
Fig. 7. Outage probability with FDR for various ρ with L = 2, K = 6,
γ¯Q = 2γ¯T , {N1, α1} = {2, 0.1}, and {N2, α2} = {3, 0.1}.
worse outage performance in CogFRN, and the crossover point681
between full-duplex and half-duplex moves to the left. This682
is due to the fact that with ρ increases, γ¯R increases, which683
results in the enhancement of the second hop transmission in684
CogHRN. However, due to increased residual loop interfer-685
ence with increasing ρ, the adverse effect of the residual loop686
interference grows with increasing the transmit power of SR.687
In Fig. 7, we examine the outage probability with FDR with688
various relay selection policies and ρ. Similar phenomenon in689
CogFRN is observed as Fig. 6. As ρ decreases, the outage690
probability with the PS policy and the MI policy degrade.691
This is because the residual loop interference is a detrimental692
characteristic of FDR, which is shown in (29), (37), and (41).693
We define γ¯T < 12 dB as the SNR dominant region, and694
γ¯T > 25 dB as the residual loop interference dominant region.695
In the diversity achievable SNR dominant region, we observe696
that the outage probability decreases as increasing γ¯T . In the697
residual loop interference dominant region, we observe the698
zero diversity gain, which restricted the decreasing trend of 699
outage probability. 700
VIII. CONCLUSION 701
We have examined the effects of residual loop interference 702
in cooperative CP-SC spectrum sharing with FDR. The lower 703
bound on the outage probabilities and asymptotic outage prob- 704
abilities for the MM policy requiring global CSI, as well as 705
the PS and the MI policies requiring partial CSI have been 706
derived and quantitatively compared. Interestingly, we observe 707
that the diversity gain results from spatial diversity and mul- 708
tipath diversity can be achieved in the SNR dominant region, 709
whereas the diversity gain lost in the residual loop interference 710
dominant region. For comparison purposes, the lower bound 711
on the outage probabilities and the corresponding asymptotic 712
outage probabilities of cooperative CP-SC spectrum sharing 713
with HDR have been derived for each of the relay selec- 714
tion policies. Our results show that CogFDR is a good solution 715
to achieve the spectral efficiency and bearable outage proba- 716
bility for the systems that operate at low to medium SNRs, 717
while CogHDR is more favorable to those operate in the high 718
SNRs. 719
APPENDIX A 720
DETAILED DERIVATION OF (20) 721
We start from the definition of the CDF of γ s,kF , which is 722
given by 723
 
γ
s,k
F
(γ ) = Pr(min(Q/Y1, PT)Xkγ¯ ≤ γ ) 724
=  Xk(γ /γ¯T) Y1(μT) 725
+
∫ ∞
μT
Y1(y) Xk
(
(yγ )/γ¯Q
)
dy
︸ ︷︷ ︸
I1
. (A.1) 726
We use the integration by parts to solve I1 of (A.1), which is 727
given by 728
I1 =  Xk
(
yγ /γ¯Q
)
 Y1(y)|∞μT −
∫ ∞
μT
 Y1(y)d
(
 Xk
(
yγ /γ¯Q
))
729
= 1 − Y1(μT) Xk(γ /γ¯T) −
[
1 − Xk(γ /γ¯T)
]
730
−
∑˜
L,jt,{N3,l},{α3,l}
γ
γ¯Q
[∫ ∞
μT
Xk
(
yγ /γ¯Q
)
yj˜e−β˜1ydy
]
. 731
(A.2) 732
Substituting (A.2) into (A.1), we first obtain 733
 
γ
s,k
F
(γ ) =  Xk(γ /γ¯T) 734
−
∑˜
L,jt,{N3,l},{α3,l}
γ
γ¯Q
[∫ ∞
μT
Xk(yγ /γ¯T)y
j˜e−β˜1ydy
]
. 735
(A.3) 736
Then using [38, eq. 3.351.2] and the PDF of Xk, the closed- 737
form expression for the CDF of γ s,kF can be derived as (20). 738
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APPENDIX B739
DETAILED DERIVATION OF (31)740
Based on (30), the outage probability with MM policy is741
given as742

out
MM(ηF) =
K∏
k=1
[∫ ∞
μR
(
1 −
(
1 − F
 kF
∣
∣y>μR (ηF)
)
743
(
1 − F
γ
k,d
F
∣
∣y>μR (ηF)
))
fYk(y)dy744
+
∫ μR
0
(
1 −
(
1 − F
 kF
∣
∣y≤μR(ηF)
)
745
(
1 − F
γ
k,d
F
∣
∣y≤μR(ηF)
))
fYk(y)dy
]
,746
(B.1)747
where  kF
∣
∣y > μR = γ
s,k
F
γ¯Q
y Rk+1
, γ
k,d
F
∣
∣
∣y > μR = γ¯Qy Wk,  kF
∣
∣y ≤748
μR = γ
s,k
F
Rk γ¯R+1 , and γ
k,d
F
∣
∣
∣y ≤ μR = Wkγ¯R.749
In (E.1), F kF
∣
∣y>μR (ηF) and F kF
∣
∣y≤μR(ηF) are presented as750
F kF
∣
∣y>μR(ηF) =
∫ ∞
0
F
γ
s,k
F
(γ (x + 1))f MM
γ
k,I
F
∣
∣
∣y>μR
(x)dx,751
and F kF
∣
∣y≤μR(ηF) =
∫ ∞
0
F
γ
s,k
F
(γ (x + 1))f MM
γ
k,I
F
∣
∣
∣y≤μR
(x)dx,752
(B.2)753
respectively.754
Based on the distribution of Wk, Rk, γ s,kF , and Yk, we derive755

out
MM(ηF).756
APPENDIX C757
DETAILED DERIVATION OF (36)758
Similar as the analysis in Appendix B, the first term R1 is759
evaluated as760
R1 =
N1−1∑
i=0
1
i!
(
γ
α1
)i
761
×
⎡
⎣ 1
ρ
(
1
ρ
+ γ
α1
)−i−1
(i + 1)−
∑˜
L,dt,{N4},{α4}
μT
wiβ˜wi−d˜2762
×
⎡
⎣
d˜∑
r=0
r∑
w=0
ϒ
(
d˜,
μT
ρ
,
1
μT
)
763
× (wi + 1)
(
wi + 1, wi + 1764
− d˜,
(
1
ρ
+ γ
α1
)
μT β˜2
)
765
−
d˜+1∑
r=0
r∑
w=0
ϒ
(
d˜ + 1, μT
ρ
,
1
μT
)
766
(wi + 2)
(
wi + 2, wi + 1767
− d˜,
(
1
ρ
+ γ
α1
)
μT β˜2
)
⎤
⎦
⎤
⎦,768
(C.1)769
where wi = w + i, ϒ(σ, τ, ε) = σ !e−β˜2τ ( r
w
)
τ r
r! ε
wβ˜r−w2 .770
Applying [38, eq. 9.211.4] and [38, eq. 8.352.2], we derive 771
R2 as 772
R2 773
=
∑˜
L,jt,{N3},{α3}
N1+j˜−1∑
m=0
m∑
n=0
(μT ) 774
×
⎡
⎣ 1
ρ
β˜
−N1−j˜
1
(
N1 + n + 1, n + 2 − j˜, α1μT β˜1
γ
)
775
−
∑˜
L,dt,{N4},{α4}
⎡
⎣ 1
μT
d˜∑
r=0
r∑
w=0
ϒ
(
d˜, μT
ρ
,
1
μT
)
776
× e1
⎡
⎣
d˜+1∑
l1=1
cl1
(
μT β˜2
)−l1
777
×
(
wN1n + 1, wN1n + 2 − l1, μT β˜2
)
778
+
N1+j˜∑
l2=1
cl2
(
α1μT β˜1
γ
)−l2
779
×
(
wN1n + 1, wN1n + 2 − l2, α1μT β˜1
γ
)⎤
⎦ 780
− 1
μT 2
d˜+1∑
r=0
r∑
w=0
ϒ
(
d˜ + 1, μT
ρ
,
1
μT
)
μT e1 781
×
⎡
⎣
d˜+2∑
l3=1
dl3
(
μT β˜2
)−l3
λ
(
wN1n + 2, wN1n + 3 − l3, μT β˜2
)
782
+
N1+j˜∑
l4=1
dl4
(
α1μT β˜1
γ
)−l4
783
×
(
wN1n + 2, wN1n + 3 − l4, α1μT β˜1
γ
)⎤
⎦
⎤
⎦
⎤
⎦, 784
(C.2) 785
where wN1n
= w + N1 + n, (ϑ, τ, ζ ) = 
(
ϑ, τ, ζ, 1
ρ
+ γ
α1
)
, 786
(δ) = (γ /δ)N1 (N1+j˜−1)!μm
(α1)
N1(N1)m!
(
m
n
)( γ
α1,kδ
)n
787
e−β˜1δβ˜m−n1 , 788
cl1
=
(−1)d˜+1−l1
(
d˜ − l1 + N1 + j˜
d˜ + 1 − l1
)
(
α1μ¯T β˜1
γ − μ¯T β˜2
)d˜−l1+N1+j˜+1
, 789
cl2
=
(−1)j˜+N1−l2
(
d˜ − l2 + N1 + j˜
d˜
)
(
μ¯T β˜2 − α1μ¯T β˜1γ
)d˜−l2+N1+j˜+1
, 790
dl3
=
(−1)d˜+2−l3
(
d˜ − l3 + N1 + j˜ + 1
d˜ + 2 − l3
)
(
α1μ¯T β˜1
γ − μ¯T β˜2
)d˜−l3+N1+j˜+2
, and 791
dl4
=
(−1)j˜+N1−l4
(
d˜ − l4 + N1 + j˜ + 1
d˜ + 1
)
(
μ¯T β˜2 − α1μ¯T β˜1γ
)d˜−l4+N1+j˜+2
. (C.3) 792
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APPENDIX D793
DETAILED DERIVATION OF (39)794
Based on (37), the outage probability with PS policy is795
given as796

out
PS (ηF) =
∫ ∞
μR
(
1 − (1 − F

kPS
F
∣
∣
∣y>μR
(ηF))797
×
(
1 − F
γ
k,d
F
∣
∣∣y>μR
(ηF)
))
fYk (y)dy798
(D.1)799
+
∫ μR
0
(
1 −
(
1 − F

kPS
F
∣∣
∣y≤μR(ηF)
)
800
×
(
1 − F
γ
k,d
F
∣
∣
∣y≤μR(ηF)
))
fYk(y)dy,801
(D.2)802
where  kPSF
∣
∣
∣y > μR =
max
k=1,··· ,K
{
γ
s,k
F
}
γ¯Q
y Rk+1
and  kPSF
∣
∣
∣y ≤ μR =803
max
k=1,··· ,K
{
γ
s,k
F
}
Rk γ¯R+1 .804
Thus, outPS (ηF) can be derived by using the distribution of805
Wk, Rk, γ s,kF , and Yk.806
APPENDIX E807
DETAILED DERIVATION OF (42)808
Based on (41), the outage probability with MI policy is809
given as810

out
MI(ηF) =
∫ ∞
μR
(
1 −
(
1 − F

kMI
F
∣
∣
∣y>μR
(ηF)
)
811
×
(
1 − F
γ
kMI ,d
F
∣
∣
∣y>μR
(ηF)
))
fYkMI (y)dy812
+
∫ μR
0
(
1 −
(
1 − F

kMI
F
∣∣
∣y≤μR(ηF)
)
813
×
(
1 − F
γ
kMI ,d
F
∣
∣
∣y≤μR(ηF)
))
fYkMI (y)dy,814
(E.1)815
where  kMIF
∣
∣
∣y > μR = γ
s,k
F
γ¯Q
y Rk+1
, 
kMI
F
∣
∣
∣y ≤ μR = γ
s,k
F
Rk γ¯R+1 , and816
YkMI = maxk=1,··· ,K{Yk}.817
Thus, outMI(ηF) can be derived by using the distribution of818
Wk, Rk, γ s,kF , and819
fYkMI (y) = K
(
1 +
∑
yd˜e−β˜2x
)K−1
820
×
∑˜
L,dt,{N4},{α4}
e−β˜2y
[
d˜yd˜−1 − β˜2yd˜
]
. (E.2)821
REFERENCES822
[1] Y. Deng et al., “Full-duplex spectrum sharing in cooperative sin-823
gle carrier systems,” in Proc. IEEE Wireless Commun. Netw. Conf.,824
New Orleans, LA, USA, Mar. 2015, pp. 25–30.825
[2] J. Mitola and G. Q. Maguire, “Cognitive radio: Making software826
radios more personal,” IEEE Pers. Commun., vol. 6, no. 4, pp. 13–18,827
Aug. 1999.828
[3] A. Goldsmith, S. A. Jafar, I. Maric, and S. Srinivasa, “Breaking spectrum 829
gridlock with cognitive radios: An information theoretic perspective,” 830
Proc. IEEE, vol. 97, no. 5, pp. 894–914, May 2009. 831
[4] Y. Deng, M. Elkashlan, N. Yang, P. L. Yeoh, and R. K. Mallik, “Impact 832
of primary network on secondary network with generalized selection 833
combining,” IEEE Trans. Veh. Technol., vol. 64, no. 7, pp. 3280–3285, 834
Jul. 2015. 835
[5] Y. Deng, L. Wang, S. A. R. Zaidi, J. Yuan, and M. Elkashlan, 836
“Artificial-noise aided secure transmission in large scale spectrum shar- 837
ing networks,” IEEE Trans. Commun., vol. 64, no. 5, pp. 2116–2129, 838
May 2016. 839
[6] Y. Deng, M. Elkashlan, P. L. Yeoh, N. Yang, and R. K. Mallik, 840
“Cognitive MIMO relay networks with generalized selection combin- 841
ing,” IEEE Trans. Wireless Commun., vol. 13, no. 9, pp. 4911–4922, 842
Sep. 2014. 843
[7] Y. Deng, L. Wang, M. Elkashlan, K. J. Kim, and T. Q. Duong, 844
“Generalized selection combining for cognitive relay networks over 845
Nakagami-m fading,” IEEE Trans. Signal Process., vol. 63, no. 8, 846
pp. 1993–2006, Apr. 2015. 847
[8] J. Lee, H. Wang, J. G. Andrews, and D. Hong, “Outage probability 848
of cognitive relay networks with interference constraints,” IEEE Trans. 849
Wireless Commun., vol. 10, no. 2, pp. 390–395, Feb. 2011. 850
[9] T. Jing, S. Zhu, H. Li, X. Cheng, and Y. Huo, “Cooperative relay selec- 851
tion in cognitive radio networks,” in Proc. IEEE INFOCOM, Turin, Italy, 852
Apr. 2013, pp. 175–179. 853
[10] Y. Zou, J. Zhu, B. Zheng, and Y.-D. Yao, “An adaptive cooperation 854
diversity scheme with best-relay selection in cognitive radio networks,” 855
IEEE Trans. Signal Process., vol. 58, no. 10, pp. 5438–5445, Oct. 2010. 856
[11] Y. Liu, S. A. Mousavifar, Y. Deng, C. Leung, and M. Elkashlan, 857
“Wireless energy harvesting in a cognitive relay network,” IEEE Trans. 858
Wireless Commun., vol. 15, no. 4, pp. 2498–2508, Apr. 2016. 859
[12] S. I. Hussain, M.-S. Alouini, M. Hasna, and K. Qaraqe, “Partial relay 860
selection in underlay cognitive networks with fixed gain relays,” in Proc. 861
IEEE Veh. Technol. Conf. (VTC), Yokohama, Japan, May 2012, pp. 1–5. 862
[13] H. Bian, Y. Fang, B. Sun, and Y. Li, Co-Time Co-Frequency Full Duplex 863
for 802.11 WLAN, IEEE Standard 802.11-13/0765 r2, Jul. 2013. 864
[14] M. Duarte et al., “Design and characterization of a full-duplex 865
multiantenna system for WiFi networks,” IEEE Trans. Veh. Technol., 866
vol. 63, no. 3, pp. 1160–1177, Mar. 2014. 867
[15] INFSO-ICT-316369 DUPLO-Report D1.1. (Apr. 2013). 868
System Scenarios and Technical Requirements for Full- 869
Duplex Concept. [Online]. Available: http://www.fp7-duplo.eu/ 870
images/docs/Deliverables/D1_1_v_1.0.pdf 871
[16] T. Yu et al., Proposal for Full Duplex Relay, IEEE Standard 872
C802.16j-08/106 r1, May 2008. 873
[17] J. I. Choi, M. Jain, K. Srinivasan, P. Levis, and S. Katti, “Achieving 874
single channel, full duplex wireless communication,” in Proc. Int. Conf. 875
Mobile Comput. Netw., Chicago, IL, USA, Sep. 2010, pp. 1–12. 876
[18] T. Riihonen, S. Werner, and R. Wichman, “Mitigation of loopback self- 877
interference in full-duplex MIMO relays,” IEEE Trans. Signal Process., 878
vol. 59, no. 12, pp. 5983–5993, Dec. 2011. 879
[19] E. Everett, A. Sahai, and A. Sabharwal, “Passive self-interference sup- 880
pression for full-duplex infrastructure nodes,” IEEE Trans. Wireless 881
Commun., vol. 13, no. 2, pp. 680–694, Feb. 2014. 882
[20] M. Jain et al., “Practical, real-time, full duplex wireless,” in Proc. ACM 883
MobiCom, Las Vegas, NV, USA, Sep. 2011, pp. 301–312. 884
[21] M. Duarte and A. Sabharwal, “Full-duplex wireless communications 885
using off-the-shelf radios: Feasibility and first results,” in Proc. Asilomar 886
Conf. Signals Syst. Comput. Conf. Rec., Pacific Grove, CA, USA, 887
Nov. 2010, pp. 1558–1562. 888
[22] I. Krikidis, H. A. Suraweera, P. J. Smith, and C. Yuen, “Full-duplex relay 889
selection for amplify-and-forward cooperative networks,” IEEE Trans. 890
Wireless Commun., vol. 11, no. 12, pp. 4381–4393, Dec. 2012. 891
[23] H. A. Suraweera, I. Krikidis, G. Zheng, C. Yuen, and P. J. Smith, 892
“Low-complexity end-to-end performance optimization in MIMO full- 893
duplex relay systems,” IEEE Trans. Wireless Commun., vol. 13, no. 2, 894
pp. 913–927, Feb. 2014. 895
[24] H. A. Suraweera, I. Krikidis, and C. Yuen, “Antenna selection in the full- 896
duplex multi-antenna relay channel,” in Proc. IEEE Int. Conf. Commun., 897
Budapest, Hungary, Jun. 2013, pp. 4823–4828. 898
[25] H. Kim, S. Lim, H. Wang, and D. Hong, “Optimal power allocation and 899
outage analysis for cognitive full duplex relay systems,” IEEE Trans. 900
Wireless Commun., vol. 11, no. 10, pp. 3754–3765, Oct. 2012. 901
[26] T. Riihonen, S. Werner, and R. Wichman, “Hybrid full-duplex/half- 902
duplex relaying with transmit power adaptation,” IEEE Trans. Wireless 903
Commun., vol. 10, no. 9, pp. 3074–3085, Sep. 2011. 904
14 IEEE TRANSACTIONS ON COGNITIVE COMMUNICATIONS AND NETWORKING
[27] T.-H. Pham, Y.-C. Liang, A. Nallanathan, and H. K. Garg, “Optimal905
training sequences for channel estimation in bi-directional relay net-906
works with multiple antennas,” IEEE Trans. Commun., vol. 58, no. 2,907
pp. 474–479, Feb. 2010.908
[28] Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY)909
Specifications: Enhancements for Very High Throughput in the 60 GHz910
Band, IEEE Standard P802.11ad/D0.1, Jun. 2010.911
[29] S. Sesia, I. Toufik, and M. Baker, LTE: The UMTS Long Term Evolution:912
From Theory to Practice. West Sussex, U.K.: Wiley, 2009.913
[30] P. Smulders, “Exploiting the 60 GHz band for local wireless multimedia914
access: Prospects and future directions,” IEEE Commun. Mag., vol. 40,915
no. 1, pp. 140–147, Jan. 2002.916
[31] S. Kato et al., “Single carrier transmission for multi-gigabit 60-GHz917
WPAN systems,” IEEE J. Sel. Areas Commun., vol. 27, no. 8,918
pp. 1466–1478, Oct. 2009.919
[32] B. Devillers, J. Louveaux, and L. Vandendorpe, “About the diversity in920
cyclic prefixed single-carrier systems,” Phys. Commun. J., vol. 1, no. 4,921
pp. 266–276, Dec. 2008.922
[33] A. Bagayoko, I. Fijalkow, and P. Tortelier, “Power control of spectrum-923
sharing in fading environment with partial channel state information,”924
IEEE Trans. Signal Process., vol. 59, no. 5, pp. 2244–2256, May 2011.925
[34] H. Ding, J. Ge, D. B. Da Costa, and Z. Jiang, “Asymptotic analysis of926
cooperative diversity systems with relay selection in a spectrum-sharing927
scenario,” IEEE Trans. Veh. Technol., vol. 60, no. 2, pp. 457–472,928
Feb. 2011.929
[35] A. Ghasemi and E. S. Sousa, “Fundamental limits of spectrum-sharing930
in fading environments,” IEEE Trans. Wireless Commun., vol. 6, no. 2,931
pp. 649–658, Feb. 2007.932
[36] J. M. Peha, “Approaches to spectrum sharing,” IEEE Commun. Mag.,933
vol. 43, no. 2, pp. 10–12, Feb. 2005.934
[37] D. Bharadia and S. Katti, “Fastforward: Fast and constructive full duplex935
relays,” in Proc. ACM Conf. SIGCOMM, Chicago, IL, USA, 2014,936
pp. 199–210.937
[38] I. S. Gradstejn and I. M. Ryzik, Table of Integrals, Series, and Products.938
New York, NY, USA: Academic Press, 2007.939
Yansha Deng (M’16) received the Ph.D. degree940
in electrical engineering from the Queen Mary941
University of London, U.K., in 2015. She is942
currently the Post-Doctoral Research Fellow with943
the Department of Informatics, King’s College944
London, U.K. Her research interests include massive945
MIMO, HetNets, molecular communication, cogni-946
tive radio, cooperative networks, and physical layer947
security. She was a recipient of the Best Paper948
Award in ICC 2016. She has served as a TPC949
Member for several IEEE conferences such as IEEE950
GLOBECOM and ICC.951
Kyeong Jin Kim (SM’11) received the M.S. degree952
from the Korea Advanced Institute of Science and953
Technology, in 1991, and the M.S. and Ph.D.954
degrees in electrical and computer engineering955
from the University of California at Santa Barbara,956
Santa Barbara, CA, USA, in 2000. From 1991957
to 1995, he was a Research Engineer with the958
Video Research Center, Daewoo Electronics, Ltd.,959
Seoul, South Korea. In 1997, he joined the960
Data Transmission and Networking Laboratory,961
University of California at Santa Barbara. He joined962
Nokia Research Center and Nokia Inc., Dallas, TX, USA, as a Senior Research963
Engineer, where he was an L1 Specialist from 2005 to 2009. From 2010 to964
2011, he was an Invited Professor with Inha University, Incheon, South Korea.965
Since 2012, he has been a Senior Principal Research Staff with Mitsubishi966
Electric Research Laboratories, Cambridge, MA, USA. His research has been967
focused on the transceiver design, resource management, scheduling in the968
cooperative wireless communications systems, cooperative spectrum shar-969
ing systems, device-to-device communications, secrecy systems, and GPS970
systems.971
Trung Q. Duong (S’05–M’12–SM’13) received the 972
Ph.D. degree in telecommunications systems from 973
the Blekinge Institute of Technology, Sweden, in 974
2012. Since 2013, he has been a Lecturer (Assistant 975
Professor) with Queen’s University Belfast, U.K. 976
His current research interests include physical layer 977
security, energy-harvesting communications, and 978
cognitive relay networks. He has authored or co- 979
authored 190 technical papers published in scientific 980
journals and presented at international conferences. 981
He was a recipient of the Best Paper Award at 982
the IEEE Vehicular Technology Conference in 2013, the IEEE International 983
Conference on Communications in 2014, and is a recipient of the prestigious 984
Royal Academy of Engineering Research Fellowship (2015–2020). 985
Maged Elkashlan (M’06) received the Ph.D. degree 986
in electrical engineering from the University of 987
British Columbia, in 2006. From 2007 to 2011, he 988
was with the Wireless and Networking Technologies 989
Laboratory, Commonwealth Scientific and Industrial 990
Research Organization, Australia. He held an adjunct 991
appointment with the University of Technology 992
Sydney, Australia. In 2011, he joined the School 993
of Electronic Engineering and Computer Science, 994
Queen Mary University of London, U.K., as an 995
Assistant Professor. He also holds visiting faculty 996
appointments with the University of New South Wales, Australia, and the 997
Beijing University of Posts and Telecommunications, China. His research 998
interests include massive MIMO, millimeter wave communications, and 999
heterogeneous networks. 1000
Dr. Elkashlan was a recipient of the Best Paper Award at the IEEE 1001
International Conference on Communications in 2014 and 2016, the 1002
International Conference on Communications and Networking in China 1003
in 2014, and the IEEE Vehicular Technology Conference in 2013. 1004
He currently serves as an Editor of the IEEE TRANSACTIONS ON 1005
WIRELESS COMMUNICATIONS, the IEEE TRANSACTIONS ON VEHICULAR 1006
TECHNOLOGY, and the IEEE COMMUNICATIONS LETTERS. 1007
George K. Karagiannidis (M’96–SM’03–F’14) 1008
was born in Pithagorion, Greece. He received the 1009
University Diploma (five years) and Ph.D. degrees 1010
in electrical and computer engineering from the 1011
University of Patras, in 1987 and 1999, respectively. 1012
From 2000 to 2004, he was a Senior Researcher 1013
with the Institute for Space Applications and Remote 1014
Sensing, National Observatory of Athens, Greece. 1015
In 2004, he joined the faculty of the Aristotle 1016
University of Thessaloniki, Greece, where he is cur- 1017
rently a Professor with the Electrical and Computer 1018
Engineering Department, and the Director of the Digital Telecommunications 1019
Systems and Networks Laboratory. He is also a Honorary Professor with South 1020
West Jiaotong University, Chengdu, China. 1021
Dr. Karagiannidis has authored or co-authored over 400 technical papers 1022
published in scientific journals and presented at international conferences. He 1023
has also authored the Greek edition of a book entitled Telecommunications 1024
Systems and co-authored the book entitled Advanced Optical Wireless 1025
Communications Systems (Cambridge, 2012). His research interests are in 1026
the broad area of digital communications systems with emphasis on wireless 1027
communications, optical wireless communications, wireless power transfer 1028
and applications, molecular communications, communications and robotics, 1029
and wireless security. He was a recipient of the 2015 Thomson Reuters 1030
Highly Cited Researcher Award. He has been involved as the General 1031
Chair, the Technical Program Chair, and a member of Technical Program 1032
Committees in several IEEE and non-IEEE conferences. He was an Editor of 1033
the IEEE TRANSACTIONS ON COMMUNICATIONS and the EURASIP Journal 1034
of Wireless Communications and Networks, a Senior Editor of the IEEE 1035
COMMUNICATIONS LETTERS, and several times Guest Editor of the IEEE 1036
JOURNAL ON SELECTED AREAS IN COMMUNICATIONS. From 2012 to 2015, 1037
he was the Editor-in-Chief of the IEEE COMMUNICATIONS LETTERS. 1038
DENG et al.: FULL-DUPLEX SPECTRUM SHARING IN COOPERATIVE SINGLE CARRIER SYSTEMS 15
Arumugam Nallanathan (S’97–M’00–SM’05) is1039
a Professor of Wireless Communications with the1040
Department of Informatics, King’s College London1041
(University of London). He served as the Head1042
of Graduate Studies with the School of Natural1043
and Mathematical Sciences, King’s College London,1044
from 2011 to 2012. He was an Assistant Professor1045
with the Department of Electrical and Computer1046
Engineering, National University of Singapore, from1047
2000 to 2007. His research interests include 5G wire-1048
less networks, molecular communications, energy1049
harvesting, and cognitive radio networks. He published nearly 300 techni-1050
cal papers in scientific journals and international conferences. He was a1051
co-recipient of the Best Paper Award presented at the IEEE International1052
Conference on Communications 2016 (ICC) and the IEEE International1053
Conference on Ultra-Wideband 2007 (ICUWB). He is an IEEE Distinguished1054
Lecturer.1055
He is an Editor of the IEEE TRANSACTIONS ON COMMUNICATIONS1056
and the IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY. He was1057
an Editor of the IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS1058
from 2006 to 2011, the IEEE WIRELESS COMMUNICATIONS LETTERS,1059
and the IEEE SIGNAL PROCESSING LETTERS. He served as the Chair for1060
the Signal Processing and Communication Electronics Technical Committee1061
of the IEEE Communications Society, the Technical Program Co-Chair1062
(MAC track) for the IEEE WCNC 2014 and the IEEE International1063
Conference on UWB 2011, the Co-Chair for the IEEE GLOBECOM 20081064
(Signal Processing for Communications Symposium), the IEEE ICC 20091065
(Wireless Communications Symposium), the IEEE GLOBECOM 2011 (Signal1066
Processing for Communications Symposium), the IEEE ICC 2012 (Signal1067
Processing for Communications Symposium), and the IEEE GLOBECOM1068
2013 (Communications Theory Symposium), and the General Track Chair for1069
the IEEE VTC 2008. He was a recipient of the IEEE Communications Society1070
SPCE Outstanding Service Award in 2012 and the IEEE Communications1071
Society RCC Outstanding Service Award in 2014.1072
